Abstract. Ribosome-bound peptides were prepared from rabbit reticulocytes incubated in a reaction mixture that contained all essential amino acids except tryptophan. The peptides were fractionated by Sephadex gel filtration and the N-termini of these peptides were examined. Longer uncompleted hemoglobin chains (larger than 30 amino acids) had unblocked valine at the Nterminal position. In contrast, shorter initial parts of chains (smaller than 16 amino acids) did not have valine at the N-terminal position. These small peptides had methionine at the N-terminal, and 8% of the terminal methionine was presumably formylated. These findings indicate that hemoglobin chains are initiated from methionine or N-formylmethionine (or from both methionine and N-formylmethionine), and that the methionyl residue is hydrolyzed at an early stage of chain elongation.
system from ascites tumor cells1 2 and from reticulocytes.3 Several reports suggested that rabbit hemoglobin synthesis is initiated from an N-terminal valine, since no acylated amino acid or amino acid other than valine was detected in nascent peptide chains associated with ribosomes.4'5 However, other investigators have reported that incomplete, ribosome bound, a-chain peptides contained an additional amino acid (or peptide) attached to the amino group of valine.6 7 In this investigation, ribosome-bound peptides synthesized by rabbit reticulocytes were fractionated by gel filtration and analyzed for N-terminal residues. The shorter peptides contained mostly methionine, not valine, at their Ntermini, while the longer peptides contained valine as the only N-terminal amino acid. A small fraction of the terminal methionine of the shorter peptides appeared to be formylated.
Materials and Methods. Reticulocyte preparation: Reticulocytes were obtained from rabbits made anemic by phenylhydrazine injections' and washed twice with 3 volumes of cold saline (0.14 M NaCl-5 mM KCl-1.5 mM MgCl2).
Incubation of reticulocytes with amino acids: Washed reticulocytes obtained from 55 to 60 ml of blood (from two rabbits) were incubated with 80 ml of a reaction mix-1600 VOL. 67, 1970 N-TERMINUS OF RABBIT HEMOGLOBIN 1601 ture at 370C for 12 min. The basic reaction mixture contained 0.14 M NaCl, 5 mM KCI, 1.5 mM MgQ\I2,, I mM glucose, 1.5 mMI NaHCO3, 0.3 mM Fe(NH4)2(SO4)2, and I-amino acids (3.5 mg glutamine, 4 mg histidine, 3 mg lysine, 3 mg phenylalanine, 2 mg serine, 1.5 mg tyrosine, 1 mg alanine, 1.7 mg arginine, 1.5 mg asparagine, 1 mg proline, 1 mg threonine, 2 mg cystine, 2 mg leucine, 1.5 mg valine, 1 mg glycine, 0.5 mg methionine, per 100 ml). For labeling experiments, radioactive amino acids were added as described in the test.
Preparation and fractionation of ribosome-bound peptides: After incubation of the reticulocytes, the reaction mixture was poured into 250 ml of ice-cold saline (0.14 M NaCl-5 mM KCl-1.5 mM MgCl2), and centrifuged (20,000 X g, 10 min). The packed reticulocytes were washed twice with 50 ml of ice-cold saline, and then hemolyzed with 20 ml of cold 1 mM MgCl2 containing heparin (100 units/ml) and 30 ml of cold Tris buffer (10 mM Tris-HCl, pH 7.4, 10 mM KCl, 1.5 mM MgCl2). The hemolysate was centrifuged (20,000 X g, 20 min), and the precipitated debris rejected. Ribosomes were precipitated from the supernatant (1) by adjustment to pH 5.1 with acetic acid, centrifugation (20,000 X g, 10 min), and recentrifugation with 5 ml of cold saline adjusted to pH 5.0 with acetic acid, or (2) by high-speed centrifugation, 50,000 rpm for 180 min (Spinco rotor 50). Most of the experiments used the first method.
The ribosome precipitate was suspended in 5 ml of water, adjusted to pH 10-10.5 with 1 N NaOH and incubated at 30°C for 3 hr. This treatment dissociates peptides and amino acids from tRNA in the ribosome complex.9 The suspension was adjusted to pH 3.0 with formic acid and centrifuged. Judging from the radioactivity, about 60% of ribosome-bound peptides and amino acids were in the supernatant, which was subjected to gel filtration. No more peptides were solubilized from ribosomes by treatment with sodium dodecylsulfate or by a longer period of incubation.
The solubilized peptides were placed on a Sephadex column (2.5 X 50 cm, Sephadex G-25 or G-50, superfine) equilibrated with 0.5% formic acid, and eluted with 0.5% formic acid.
Amino acids and their derivatives were obtained from Mann Research Laboratories, and radioactive amino acids were obtained from New England Nuclear. Results. Accumulation of short peptides on ribosomes by tryptophan depletion: The study of peptide chain initiation in reticulocytes requires enhancement of the very small content of short peptides of the N-terminal part of hemoglobin chains in the ribosome complex. Such enhancement was achieved by omission of tryptophan from the incubation medium'0 (tryptophan residues exist at the 14th position of the a-chain, and at the 15th and 35th positions of the (3-chain, of rabbit hemoglobin). The accumulation of small peptides after tryptophan deprivation was indicated by a significant increase in the content of mono-and diribosomes and a reduction in tetra-, penta-, and hexaribosomes in the polysome sedimentation profile. Total incorporation of amino acids into proteins and peptides by reticulocytes, in the absence of tryptophan in the incubation medium, was about 70% of that in the presence of tryptophan (0.5 mg/100 ml) after 12 min of incubation. Judging from the incorporation of radioactivity, approximately 9% of the valine in the reaction mixture was incorporated into completed hemoglobin and about 0.7% was in the ribosome precipitate (ribosome-bound nascent peptides and ribosome-bound amino acid) after incubation (12 min) in the absence of tryptophan.
Absence of valine at the N-termini of short peptides bound to ribosomes: Since both a-and (3-chains of rabbit hemoglobin have valine at the N-terminal position, ribosome-bound peptides were examined for N-terminal valine.
Reticulocytes were incubated in the basic reaction mixture supplemented with 0.5 mCi The ribosomes were precipitated after the incubation, and ribosome-bound peptides were dissociated from the ribosomes as described above. The elution profile of peptides from the Sephadex G-25 column is shown in Fig. 1 . Judging from control and calibration studies with this column, fraction I should consist of completed or nearly completed chains, fraction 1I should consist of larger peptides than glucagon (29 amino acids), and fraction III should consist of smaller peptides. Fraction IV contains mainly free amino acids, as was substantiated by amino acid analysis of this fraction before and after acid hydrolysis. Fractions II and III were each lyophilized and divided into three equal portions. One portion was subjected to amino acid analysis without hydrolysis to demonstrate the absence of free amino acids in the fraction. Another portion was hydrolyzed with 6 N HCl (1000 C for 20 hr), and the remaining portion was tieated with NaNO2,4 passed through a Sephadex G-25 column (1.2 X 30 cm) to eliminate excess NaNO2, evaporated to dryness, and hydrolyzed with 6 N HC1. Any unblocked N-terminal amino acids should be completely deaminated and provide the corresponding a-hydroxy acids upon NaNO2 treatment, while amino acids inside the peptide chain should remain intact. Results of the analysis are shown in Fig. 2 . Fraction II contained glycine, indicating that fraction II indeed contained peptides larger than 16 amino acids, since the first glycine is at the 18th position of the a-chain and at the 16th position of the (3-chain. The fact that about 20% of valine was converted to a-hydroxyisovaleric acid by the NaNO2 treatment (Fig. 2b) indicated an average of about five valine residues in fraction II peptides, one at the N-terminal position and four inside the chains. Unblocked valine was also detected in fraction I peptides.
In contrast, very little, if any, glycine was found in fraction III, indicating that the peptides of fraction IIl were mostly shorter than 16 residues. Peptides of fraction III had no unblocked valine, leucine, or glycine at the N-terminal position, since no radioactive a-hydroxy acid could be detected after NaNO2 treatment. These observations indicate that a-and (-chains are not initiated from unblocked valine, but that valine appears at the N-terminal position after the chains have been elongated beyond about 30 amino acid residues.
Presence of methionine and N-formylmethionine at the N-termini of short ribosome-bound peptides: In the following experiments, ribosome-bound peptides were prepared from reticulocytes incubated in the basic reaction mixture supplemented with 0.25 mCi fraction III contained radioactive valine, methionine, leucine, and a very small quantity of glycine (Fig. 3a) . After treatment with dinitrofluorobenzene, the content of methionine was reduced by about 70% (Fig. 3c) , indicating that unblocked methionine existed at the N-terminal position of the peptides. Incomplete elimination of methionine by the dinitrofluorobenzene treatment is probably due to incomplete dinitrophenylation of the peptides plus the existence of blocked methionine (material X, see below), rather than to the presence of methionine within the peptide chains. Based on the specific activities of the free amino acids present in the incubated reticulocytes, relative molar ratios (leucine = 1.00) of the four amino acids in fractions II and III were calculated (Table 1) . Judging from the molar ratios Molar ratio is relative to leucine as 1.00. t Molar ratio of X was calculated assuming that its specific radioactivity was the same as that of methionine.
before and after dinitrofluorobenzene treatment, valine, not methionine, was at the N-terminal position of fraction II peptides (larger than 30 amino acids), while methionine, not valine, was at the N-terminal position of fraction III peptides. The presence of methionine at the N-terminal position of fraction III peptides was substantiated further by examining the radioactivity of the ether-soluble fraction (DNP-amino acids) appearing after dinitrophenylation and acid hydrolysis of fraction I1l peptides prepared from reticulocytes incubated in the basic reaction mixture supplemented with 0.1 mCi [35S]L-methionine. The recovery of radioactivity as DNP-amino acids indicated that at least 72% of the methionine in fraction III peptides was at the N-terminal position. Fig. 3b shows that the protease digest of fraction III contained a small amount of acidic radioactive material (marked X) as well as valine, methionine, leucine, and glycine. This material (X) was acid labile, since it disappeared after acid hydrolysis (Fig. 3a) .
The nature of material X was examined as follows: ribosome-bound peptides were prepared from reticulocytes incubated in the basal reaction mixture sup- The digest was centrifuged, and the supernatant (total radioactivity 6.1 X 10-1 cpm) was placed on a 0.6-X 10-cm Dowex .50 column (X2, 200 mesh). The column was washed with water. Total radioactivity of the washings (30 Ml) was 3.7 X 103 cpm. Therefore, about 0.6% of the ribosome-bound methionine was in a form with a blocked a-amino group. All remaining radioactive methionine was eluted with 20 ml of 3 M NH4OH.
The washings, were evaporated to dryness under reduced pressure, mixed with carrier methionine and N-formylmethionine (0.05 mg each) and subjected to paper electropho'resis for identification. The radioactivity and N-formylmethionine peaks coincided (Fig. 4) . This would suggest that the acidic radioactive material is N-formylmethionine. are not precipitated by trichloroacetic acid. Therefore, these workers presumably missed the short hemoglobin peptides wdith N-terminal methionine described in the present paper. Gonana and Baglioni sought blocked amino acids in ribosome-bound peptides of rabbit reticulocytes.5 Their method seems to be very sensitive, but a blocked amino acid was not found. However, the radioactive .L-amino acid mixture used for their study did not contain methionine, cystine, or tryptophan. Therefore, even if N-acylated derivatives of these three amino acids existed in ribosome-bound peptides, they could not be detected by the experiment. Another group also found no N-formylmethionine in rabbit reticulocytes.14 This probably is due to the limits of sensitivity of the detection method. As described above, the content of N-formylmethionine is indeed very small; only 0.6% of the total methionine attached to the ribosomes is blocked.
Wilson and Dintzis found that short, incomplete, ribosome-bound a-chains contained an additional amino acid attached to valine, but this extra amino acid was not identified. 6 The recent finding of methionine in the N-terminal position of short peptides produced by reticulocyte lysates" is compatible with the present observation.
The following three possibilities may be considered for the mechanism of hemoglobin chain initiation in intact rabbit reticulocytes. (1) Hemoglobin chains are initiated mostly from unblocked methionine and less efficiently from N-formylmethionine. (2) Hemoglobin chains are initiated only from methionine, and a small amount of N-formylmethionine attached to ribosomes does not participate in peptide chain initiation. 16 (3) Hemoglobin chains are initiated only from N-formylmethionine, and the formyl group is hydrolyzed at a very early stage of peptide chain synthesis, e.g., at the di-or tripeptide stage. In either case, N-terminal methionine is hydrolyzed during the peptide chain synthesis, so that after 30 steps of chain elongation no methionine remains at the N-terminal position. All the nascent peptides retain methionine at their N-terminus up to at least 16 steps of chain elongation. It is likely that the N-terminal methionine of these small peptides is buried in the ribosome complex and that further chain elongation is required to expose the N-terminus to a putative methionine-cleaving enzyme. The peptide length (3.5-4 OA per amino acid residue in an extended chain) and ribosome size (60-80 OA radius of 80S ribosome) are compatible with this speculation.
Recent observations of peptide chain initiation by Met-tRNAf, but not by f1\et-tRNAf, in mammalian cell-free systems",2 with artificial messenger RNAs favor the first and second possibilities. Bhaduri et al. reported that Met-tRNAf transferred methionine at the N-terminal position of the peptides in a cell-free system from rabbit reticulocytes in response to native messengers.3 However, it is not clear that fMet-tRNAf can be incorporated into peptides in this cell-free system. The finding of N-formylmethionine at the N-termini of nascent peptides suggests that fMet-tRNAf might yet turn out to be an effective chain initiator in mammalian cells.
